ferentiation and suggested its possible usefulness for the treatment of psoriasis [1] . Objectives: To investigate the effect of delphinidin (0-20 μ M ; 2-5 days) on psoriatic epidermal keratinocyte differentiation, proliferation and inflammation using a three-dimensional reconstructed human psoriatic skin equivalent (PSE) model. Methods: PSEs and normal skin equivalents (NSEs) established on fibroblast-contracted collagen gels with respective psoriatic and normal keratinocytes and treated with/without delphinidin were analyzed for histology, expression of markers of differentiation, proliferation and inflammation using histomorphometry, immunoblotting, immunochemistry, qPCR and cultured supernatants for cytokine with a Multi-Analyte ELISArray Kit. Results: Our data show that treatment of PSE with delphinidin induced (1) cornification without affecting apoptosis and (2) the mRNA and protein expression of markers of differentiation (caspase-14, filaggrin, loricrin, involucrin). It also de-
Introduction
Psoriasis is an autoimmune-like chronic and currently incurable inflammatory skin and joint disease that affects 2-3% of the world population [2, 3] . Histologic characteristics reveal marked epidermal hyperproliferation and thickening as well as increased elongated rete ridges, and the clinical features include skin inflammation with demarcated erythematous papules and scaly dermatological plaques [2] . The etiology of psoriasis is not fully understood, but there is evidence showing a complex interaction of genetic, environmental, innate and adaptive immune-mediated factors as well as perturbed keratinocyte function in its pathogenesis [4] .
In normal suprabasal epidermis, caspase-14 proteolyzes profilaggrin (pro-FLG) into multiple units of FLG monomers and further cleaves FLG to free amino acids and other products responsible for proper skin barrier function [5] [6] [7] [8] . These critically important skin barrier components, caspase-14 and FLG, are downregulated in psoriasiform lesions mostly involving impaired skin barrier [9] .
The expression of antimicrobial peptides such as psoriasin (S100A7) and koebnerisin (S100A15), two evolutionary and highly homologous S100 calcium-binding proteins, are strongly increased in inflamed psoriatic skin [10] [11] [12] . Although both proteins are highly homologous, they have distinct expression pattern, function and mechanism of action, but synergize as endogenous chemoattractants as well as pro-inflammatory cytokines 'alarmins' to promote the inflammatory response in psoriasis [13] .
Although psoriasis is sensitive to physiological derivatives of vitamins A and D, all-trans retinoic acid (RA) and 1α,25-dihydroxyvitamin D 3 (Vit-D 3 ), and their analogues, these options are limited clinically by issues of efficacy and toxicity, thus imposing the need to develop novel treatment strategies [14, 15] .
Our recent observation that delphinidin, a dietary anthocyanidin, possesses prodifferentiation properties in normal human epidermal keratinocytes and in a threedimensional (3D) normal epidermal equivalent model [1] led us to hypothesize that in addition to its known anti-inflammatory properties, it may be useful for treating psoriasis [1] . To test this hypothesis we examined the ability of delphinidin to induce differentiation and inhibit the expression of proliferation and inflammation markers in a full-thickness 3D reconstituted human skin model of psoriasis [psoriatic skin equivalent; (PSE)] in relation to normal 3D human skin equivalent (NSE). Here, we provide evidence that delphinidin treatment induces differentiation and inhibits proliferation and inflammation in PSE that allows complete skin regeneration. Further, when comparing the effect of delphinidin with RA and Vit-D 3 , our results suggest that delphinidin is at least as effective as Vit-D 3 and is superior to RA.
Materials and Methods

Antibodies, Reagents, Cell Cultures and Drug Treatment
Antibodies (Abs), reagents, normal human epidermal keratinocyte cultures and preparation of drug solutions has been described elsewhere [1] , unless otherwise stated. NSEs and PSEs were treated with delphinidin 4 days and 24 h after exposure to air-liquid interfaces, respectively. DMSO at 0.01-0.05% (v/v) served as a vehicle-control and tissues were incubated with/without the drugs for 48, 72 and 120 h until harvest.
Generation of 3D Full-Thickness NSE and PSE
Full-thickness 3D NSEs were generated as described previously [16] with slight modifications and cultured at an air-liquid interface for 12 days to reconstitute a 3D multilayered skin equivalent consisting of a dermal substratum and an outermost differentiating epidermis. Primary normal human epidermal keratinocytes established in low calcium Epi-Life growth medium supplemented with HKGS (Invitrogen), were seeded at 20% confluence and synchronically switched and maintained in progenitor cell-targeted cell culture media (CnT-02-07 CELLnTEC, ZenBio, Research Triangle Park, N.C., USA) prior to establishment of 3D cultures. The dermal and epidermal components were prepared as previously described [17] . The full-thickness human PSE model (SOR-300-FT) consisted of human psoriatic keratinocytes and collagen-contracted fibroblasts cultured to form a multilayered, highly differentiated epidermis (MatTek Corporation, Ashland, Mass., USA). Metabolically active PSE tissues were shipped at 4 ° C, sealed with agarose gel on medium-supplemented and supplied in inserts each per well of 24 well-tissue culture plates. Upon receipt, the psoriatic equivalent was equilibrated at 37 ° C, 5% CO 2 for 24 h and maintained in SOR-300-FT-MM media. Throughout the experiment, the tissue cultures were maintained at 37 ° C in a humidified atmosphere containing 5% CO 2 . After every alternate day, fresh prewarmed media supplemented or not with delphinidin was replenished for 4-12 days. At harvest, punch biopsies (diameter: 3-4 mm) from each insert were obtained and processed for hematoxylin and eosin staining (HE), immunostaining and morphometry, and the rest of the tissues used for Western blot [1] , qPCR and supernatants were collected for cytokine and chemokine analysis using Multi-Analyte ELISAray as described below.
RNA Isolation, cDNA Synthesis and qRT-PCR
Isolation of mRNA from NSEs and PSEs and RT-PCR was performed as described earlier [18] . RT-PCR was performed using the iScript cDNA Synthesis Kit (Bio-Rad; Hercules, Calif., USA) according to the manufacturer's instructions and a standardization kit (Epicenter Biotechnologies; Madison, Wisc., USA). qRT-PCR measurements of transcripts of test markers were done using SYBR Green-based PCR core reagents and detected on a 7500 Fast Cycler (Applied Biosystems). Table 1 lists the primers and sequences used, and the ΔΔCt method was used to normalize relative transcript expression of the target genes to GAPDH. All analyses were performed in triplicate from three independent experiments.
Preparation of Tissue Lysates, SDS-PAGE and Immunoblotting
The reconstituted tissues were harvested at the indicated time points, and whole tissue lysates were prepared and immunoblotting was performed as previously described [1] . In brief, PSE tissue lysates (25-30 μg) prepared as described and proteins were separated using a 12% SDS-polyacrylamide gel, transferred to nitrocellulose membranes and incubated with blocking buffer (Tris-buffered saline, pH 7.4, with 5% milk, 0.1% Tween 20) for 30 min, primary Ab (anti-hS100A15, 1 μg ml -1 ; anti-hS100A7 Ab, 1 μg ml
anti-β-actin, 1: 20,000 sigma) overnight, and secondary Ab for 1 h with several washes (TBS, pH 7.4, 0.1% Tween 20) between incubations and were visualized using ECL as described [1] .
Immunohistochemistry, Immunofluorescence and Morphometric Analyses
For histology, morphometry and immunohistochemical staining, deparaffinized 5-μm tissue sections were processed and immunostained, and the dehydrated stained slides were mounted in xylene-based mounting medium (Fisher Diagnostics, Middletown, Va., USA) and analyzed as previously described [1] . The sections were processed and analyzed for thickness, morphology and HE as described earlier [1] . For morphometric analysis, HE sections were systematically sampled and analyzed as described previously [1] . Immunofluorescence staining was performed on serial 5-μm frozen sections of PSE fixed in a cold 1: 1 acetone-methanol mixture. The sections were blocked in 10% normal goat serum, and incubated overnight with anti-S100A15 (5 μg ml − 1 ), anti-S100A7 (10 μg ml − 1 ; Abcam, Cambridge, UK). The sections were then incubated with Alexa Fluor 488 goat anti-rabbit IgG (H+L) highly cross-adsorbed Ab (Invitrogen) and with Texas Red conjugated goat anti-mouse Ab (Invitrogen) diluted in 10% normal goat serum and incubated for 1 h at room temperature in a dark humidified chamber. Staining with secondary Abs only was performed as a negative control. Sections were overlaid with 4 ′ -6-diamidino-2-phenylindole or DAPI containing ProLong Gold antifade reagent (Invitrogen). Images of fluorescent-stained tissues were recorded using a CCD digital camera on a fluorescent microscope Zeiss ImagerZ1 (Zeiss, Jena, Germany). Expression of psoriasin and koebnerisin was separately quantified in the PSE sections using Image J 1.44 (National Institutes of Health, Bethesda, Md., USA).
Multi-Analyte ELISArray Detection of Released Cytokines and Chemokines
Following harvest of the PSE tissue cultures treated for 5 days with or without delphinidin, culture media suspensions were centrifuged at 1,000 g for 10 min before the supernatants were collected and stored at -86 ° C until used. During analysis, the supernatant samples were thawed on ice and added to the ELISArray plates according to the manufacturer's recommendation. Detection of the levels of various cytokines and chemokines was carried out using the human Multi-Analyte ELISArray Kit (SABiosciences, Frederick, Md., USA) as described by the manufacturer's user manual. The kit analyzes the concentrations of IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A, IFN-γ, TNF-α, and GM-CSF. Negative and positive controls supplied by the kits were also included, and for low levels of detection, samples were spiked. 
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Results
Delphinidin Treatment Enhances Cornification Associated with Epidermal Thinning, and Increases in the mRNA and Protein Expression of Markers of Differentiation but Not Apoptosis in a 3D PSE Model
We first determined the effect of delphinidin in an optimized full-thickness 3D PSE (SOR-300-FT) model, and compared it with an NSE model, both of which mimic their respective in vivo skin phenotypes. In NSEs, control tissues showed lesser development of the intermediate and cornified layers and thicker epidermis compared with delphinidin-treated tissues, with a much prominently thicker stratum corneum and thinner viable epidermis similar to previous epidermal equivalent work [1] (data not shown). Interestingly, delphinidin treatment (0-20 μ M ) of the PSE (48-72 h) profoundly induced cornification. The effect on morphology and thickness were examined and compared upon prolonged treatment for up to 5 days with delphinidin, RA or Vit-D 3 . Delphinidin was found to further enhance differentiation associated with decreases in viable epidermal thickness, which was comparable to the effects exhibited by Vit-D 3 , but superior to the effects by RA ( fig. 1 a, b) .
Based on our recent finding showing a prodifferentiation effect of delphinidin in an in vitro normal epidermal equivalent model [1] , we next assessed its effects on the expression of early and late markers of differentiation in the PSE model. Again in this study, upon delphinidin treatment we observed a marked induction of the mRNA and protein expression of the early and late markers of epidermal differentiation in both PSEs ( fig. 1 c, d) and NSEs ( fig. 1 e-g ). This protein induction in PSEs was further increased by prolonged treatment (up to 5 days) in culture (data not shown). Next, to better understand the role of delphinidin-induced differentiation, we examined its effect on markers of apoptosis, caspase-3, -7 and -9, and observed in both models that delphinidin did not induce apoptosis at the time points investigated. This was evident by the consistent absence of activated caspases or apoptotic cells (caspase-3 positive) as assessed by immunoblotting and immunostaining analyses ( fig. 1 h) .
Delphinidin Treatment Enhances the Expression and Processing of Critical Epidermal Differentiation Markers, Caspase-14 and FLG in a PSE Model
Critically important skin barrier components such as the nonapoptotic protease caspase-14 (which proteolyzes pro-FLG into multiple units of FLG monomers, free amino acids and other products) and the structural filament aggregating protein FLG are downregulated in psoriasiform lesions [8] . By employing immunohistochemistry and immunoblotting analyses, we examined the expression of these cornification-specific markers, caspase-14 and FLG, in both models. The kinetics of procaspase-14 and pro-FLG activation during cornification was established in NSEs by monitoring the appearance of their cleaved products. As early as day 4, we observed an increase in procaspase-14 expression ( fig. 2 a, left panel) as well as a slight induction of the processed form ( * ), evident as the p20 subfragment of cleaved caspase-14 upon delphinidin treatments ( fig. 2 a, panel) . Under these conditions, complete cornification was established after 8 days, as evidenced by the appearance of both the cleaved fragments (p10 and p20) in control NSE ( fig. 2 a, right  panel) . Interestingly, by day 8 delphinidin (20 μ M ) accelerated cornification associated with increases in the cleaved p10 and p20 fragments compared to control NSE ( * ), which is indicative of increased differentiation ( fig. 2 a,  right panel) . Analogous to caspase-14, pro-FLG expression appeared earlier and was significantly induced by treatment with delphinidin (20 μ M ) compared to control NSE ( fig. 2 b, left panel) . By day 8, pro-FLG was almost completely processed upon delphinidin treatment ( * ) ( fig. 2 b, right panel) . In the PSE model, caspase-14 and FLG expressions were increased after 48-72 h of treatment with delphinidin (10 μ M ) compared to untreated PSE. Nonetheless, immunoblotting revealed that caspase-14 was not completely processed ( fig. 2 c, d) .
Next, we explored the effect of delphinidin (10-20 μ M ; 5 days) in the PSE model and observed significant increases in the expression and processing of procaspase-14 and pro-FLG ( fig. 2 e) .
Delphinidin Treatment Inhibits the Expression of Markers of Proliferation and Inflammation in a 3D PSE Model
Histologically, epidermal hyperproliferation and inflammation in psoriatic lesions is characterized by an overrepresentation of basaloid keratinocytes, acanthosis, parakeratosis and about a 10-fold increase in epidermal keratinocyte transit time with perturbed differentiation and increased expression of proinflammatory markers [19] [20] [21] . Here, assessment of the expression of these markers showed a strong expression of markers of proliferation [Ki67 and proliferating cell nuclear antigen (PCNA)] and inflammation [inducible nitric oxide synthase (iNOS)] in control PSE which was found to be significantly reduced upon short treatment with delphinidin (10 μ M , 48-72 h; fig. 3 a) . Furthermore, a prolonged treatment of the PSE model with delphinidin (20 μ M ) for up to 5 days significantly suppressed the expression of Ki67, PCNA and iNOS ( fig. 3 b) . 
Delphinidin Treatment Dose-Dependently Suppresses the Expression of Proinflammatory 'Alarmins', Psoriasin and Koebnerisin in the PSE Model
The expression of both evolutionary and highly homologous epidermal S100 calcium-binding antimicrobial peptides, psoriasin (S100A7) and koebnerisin (S100A15), are associated with cutaneous inflammation in psoriasis [4, 13, 22] . Both proteins possess distinct roles, expression patterns and regulatory mechanisms as proinflammatory pathobiological factors whose secretion is increased in hyperplastic psoriatic skin [23] ; they serve as alarmins and chemoattractants. In this PSE model, we observed a significant increase in mRNA expression of psoriasin and koebnerisin, suggesting an induction in psoriatic keratinocytes. Here, we observed that treatment with delphinidin or single doses of RA and Vit-D 3 significantly suppressed the increases in mRNA expression of psoriasin ( fig. 4 a) , and differentially regulated the mRNA expressions of both Delphinidin treatment enhances cornification associated with epidermal thinning, and increases expression of markers of differentiation, but not apoptosis, in a 3D PSE model. Full-thickness psoriatic (PSE) and normal (NSE) reconstructed tissues were treated with or without delphinidin for 48, 72 and 120 h (PSE) and 4 and 8 days (NSE) at an air-liquid interface after which they were harvested, analyzed and evaluated for their morphology, thickness and differentiation prospective as described in Materials and Methods. 183 alternate spliced isoforms of koebnerisin (S100A15L and S100A15S). To a similar extent to that of psoriasin, delphinidin, Vit-D 3 and RA suppressed the mRNA expression of the S100A15L isoform ( fig. 4 b) . However, apart from RA alone which decreased it, both delphinidin and Vit-D 3 did not seem to play an important role in the suppression of the S100A15S isoform in the PSE model ( fig. 4 c) . Next, immunofluorescence data of the PSE tissues showed a strong staining of psoriasin and koebnerisin which was dose-dependently diminished upon treatment with delphinidin ( fig. 4 d) , and similar decreases were also observed in the Vit-D 3 and RA-treated PSEs ( fig. 4 e) .
Delphinidin Treatment Inhibits the Increased Release of Keratinocyte-Associated Proinflammatory Cytokines in Cultured Supernatants of a 3D PSE Model
Using the human proinflammatory cytokine and chemokine Multi-Analyte ELISArray Kit for analysis of the release in PSE cultures treated with or without delphinidin, RA and Vit-D 3 , we found increased release of cytokines, IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12, TNF-α, and low IL-4, but undetectable levels of release of immune cell-derived cytokines IL-17A and IFN-γ and GM-CSF in control untreated PSE-cultured supernatants 
Discussion
Delphinidin is a dietary agent that plays functionally important anticancer, antioxidant and antiproliferative roles, and recently we have shown that it also exhibits prodifferentiation effects [1, 24] . Thus, its identification and development may be a welcome addition to the armamentarium of prodifferentiating agents, and we provide evidence that it may be useful for the treatment of psoriasis. Disease phenotype can be mimicked in vitro in 3D reconstituted skin equivalent models by culturing disaggregated patient-derived cells in a spatially organized setting to display in vivo -like architectural features [16] , which is disengaged and lost in 2D culture systems. The therapeutic effects of dietary agents such as delphinidin can then be studied optimally in such systems. The current study employed such a model as PSEs consisting of psoriatic keratinocytes and fibroblasts, and demonstrated that delphinidin treatment significantly suppressed the expression of proliferation and inflammation as well as concomitantly induced epidermal differentiation markers. In addition to the antiproliferative, anti-inflammatory and prodifferentiation effects, delphinidin significantly decreased the thickness of the viable normal and hyperplastic epidermis, and consolidated the differentiating and cornified layers of the skin equivalent.
Furthermore, caspase-14 and FLG are tightly regulated during cornification [6, 25] , where caspase-14 proteolyzes pro-FLG into multiple units of FLG monomers [5, 6] and further breaks down FLG to amino acids and other moisturizing factors, resulting in an enhanced skin barrier [7] . The current study provides evidence Delphinidin (Del.) treatment suppresses the expression of proinflammatory 'alarmins' psoriasin (S100A7) and koebnerisin (S100A15), and inhibits the increased release of proinflammatory cytokines in PSE and its culture supernatant. Psoriasin (S100A7) and koebnerisin (S100A15) are differentially induced and secreted in hyperplastic psoriatic skin. The mRNA and protein expression of these antimicrobial peptides in PSE treated with or without delphinidin, RA or Vit-D 3 . a-c The mRNA expression of psoriasin (S100A7) and koebnerisin (S100A15L and S100A15S) alternate isoforms analyzed after 5 days by qRT-PCR. Immunofluorescence staining of frozen sections showing control vs. delphinidin-treated ( d ) and RA and Vit-D 3 treated ( e ) PSE stained for psoriasin (S100A7, red), koebnerisin (S100A15, green). The levels of colocalization (merged yellow) for each treatment are shown on the extreme-right panels and nuclei were stained with 4 ′ -6-diamidino-2-phenylindole (DAPI; blue). Bar = 150 μm. Multi-Analyte ELISArray of PSE culture supernatants using a panel of specific Ab against human proinflammatory cytokines and chemokines. e Histograms summarizing the average optical densities of the different cytokines/chemokines under different treatment conditions. Delphinidin treatment decreased the increased production and secretion of IL-1α , IL-1β, IL-6, IL-8, IL-10 and TNF-α. Data represent means ± SD of three independent experiments each performed in triplicate; * p < 0.05, * * p < 0.01, determined by one-way ANOVA followed by Tukey's post hoc test or Student's t test. 186 that delphinidin-induced differentiation is associated with increases in expression and processing of both caspase-14 and pro-FLG. Time-dependent studies have revealed an early induction and further enhancement of procaspase-14 and pro-FLG expression and activation over time (8 days) . These increases may be related to the increase in caspase-14 activity, which in concert might have further enhanced the proteolysis of FLG. This suggestion concurs with recent data demonstrating that caspase-14 further controls the proteolysis of FLG monomers to enhance skin barrier function [7] . Additionally, reports have shown increased sensitivity to UVB-induced apoptosis in caspase-14-deficient murine skin, a potential UVB scavenging effect of caspase-14 [26] . Therefore, it is also possible that compounds such as delphinidin that possess the ability to modulate the turnover of caspase-14 and FLG might be useful for treating psoriasis. Analogous to previous reports on Vit-D 3 [15, 27, 28] , treatment with delphinidin also displayed increased caspase-14 and FLG expression and processing, whereas RA treatment diminished these effects. It is noteworthy here that compared to RA, delphinidin, similar to Vit-D 3 , strongly enhanced differentiation in both the PSE and NSE models.
The expression of antimicrobial peptides including the two highly homologous S100 calcium-binding proteins, psoriasin (S100A7) and koebnerisin (S100A15), which have distinct mode of actions and expression, are strongly increased in inflamed psoriastic skin where they synergize as endogenous chemoattractants and proinflammatory cytokines [13] . Here, we observed that delphinidin treatment of the PSE model significantly reduced the expressions of psoriasin and koebnerisin, which was analogous to suppression induced by physiologic Vit-D 3 [23] on these genes [29] .
Finally, high levels of expressions and release of proinflammatory cytokines and chemokines are critical facets in the pathogenesis of psoriasis [30] . Importantly, * delphinidin inhibits the increased release of keratinocyte-associated inflammatory cytokines without affecting the immunocyte-mediated components (IL-17A, GM-CSF and IFN-γ). This absence of immune cells in the current model possibly supports the lack of a triggering feedback loop often induced by specific immune cells that are not present in the PSE model employed. It is important to mention here that the PSE model, apart from keratinocytes, lacks other immune cells that are critical in psoriasis pathogenesis. As such, only keratinocyte-driven cytokines were induced or suppressed. Although the model is encouraging, further studies using well-suited animal, in vitro 3D and human psoriatic skin transplanted mice models that incorporate the immune axis are warranted to fully delineate its detailed molecular mechanism and validate the usefulness of delphinidin for psoriasis management. In summary, considering the complexity of psoriasis etiology, it is apparent that an agent like delphinidin that is capable of targeting several crucial biological endpoints in psoriasis disease is a potential therapeutic agent for psoriasis. Taken together, this study further provides an in vitro rationale for further preclinical and clinical studies to evaluate delphinidin for the management of psoriasis.
